Hypertension is a major risk factor for atrial fibrillation. We hypothesized that arterial hypertension would alter atrial myocyte calcium (Ca 2+ ) handling and that these alterations would serve to trigger atrial tachyarrhythmias.
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia in clinical practice affecting millions of people worldwide. AF is associated with increased morbidity and mortality and, thus, poses a great medical and socio-economic challenge. Hypertension is one of the main risk factors for AF. 1 A direct mechanistic link between hypertension and AF, however, remains to be established. In animal models, hypertension was associated with atrial structural remodelling, including increased fibrosis, atrial myocyte hypertrophy, and myolysis, suggesting that it creates a substrate for AF. 2, 3 Spontaneously hypertensive rats (SHR) are a well-established model for essential hypertension. SHR are normotensive at birth, become hypertensive at the age of .6 weeks and, as a consequence, develop progressive left ventricular (LV) hypertrophy and, finally, heart failure (HF). They have been used intensively to study hypertension-induced ventricular remodelling during hypertrophy and HF. Much less is known, however, about the changes in the atria of SHR and only few previous studies have addressed this issue. Early work showed that SHR exhibit increased atrial pressure 4 and, in particular, at old age, signs of atrial enlargement, such as bi-peak notching of the P-wave 5 and a progressive increase in P-wave duration. 5 Three more recent studies have demonstrated inducible and even spontaneously occurring atrial tachyarrhythmias in SHR. 3, 6, 7 One of these studies, in addition, revealed progressively increased atrial fibrosis in SHR starting as early as 3 months of age. 3 Thus, previous work has
shown that there are progressive structural alterations in the atria of SHR that may constitute a substrate for atrial tachyarrhythmias. It remains unclear, however, which mechanism(s) might serve as trigger for atrial tachyarrhythmias in SHR.
Since disturbed Ca 2+ handling can cause various forms of arrhythmias-including AF 1, 8, 9 -we hypothesized that altered atrial Ca 2+ handling may be a trigger for atrial tachyarrhythmias in SHR. To test this hypothesis, we characterized Ca 2+ handling in left atrium from SHR (vs. age-matched control Wistar-Kyoto rats, WKY) at two time points early after the development of hypertension, i.e. at 3 months of age (3M), when structural changes in the atria (increased fibrosis) were observed first, 3 and at 7 months of age (7M), when there is progressive compensatory LV hypertrophy, but still early in the course of the disease as judged by evaluation of LV functional and structural remodelling. 10 Our results revealed that, at 3M, there are no major changes in left atrial (LA) Ca 2+ handling in SHR.
At 7M, however, there were subtle yet functionally relevant subcellular alterations in LA Ca 2+ handling in SHR concomitant with an increased propensity for frequency-induced arrhythmogenic Ca 2+ alternans. Thus, SHR exhibit alterations in LA Ca 2+ handling early after the development of hypertension that may serve as trigger for atrial tachyarrhythmias.
Methods
A detailed description of Methods can be found in Supplementary material online.
Animals
Male SHR and age-matched, male, normotensive WKY serving as controls were used at 12 -14 weeks (3M) or at 6 -8 months of age (further referred to as 7M). Heart rate and blood pressure were measured in conscious animals by the tail-cuff method (CODA system, Kent Scientific, USA), prior to experiments. Animals were anaesthetized using isoflurane followed by decapitation. The hearts were rapidly removed and used for either tissue isolation or isolation of atrial myocytes. The animal handling procedures were in agreement with European Union Council Directive 2010/63/EU and with the German Animal Welfare Act (Tierschutzgesetz). Approval reference number: V54 -19c2015(1) MR20/29 Nr.A21/2010.
Tissue isolation and gravimetry
Hearts were collected in ice-cold cardioplegic solution and all four chambers were cut, weighed, rapidly frozen in liquid nitrogen and stored at 2808C. Lung wet weight was also measured. All parameters were normalized to tibia length (TL).
Isolation of left atrial myocytes
Atrial myocytes were isolated from the left atrium of hearts enzymatically digested by means of Langendorff-type perfusion with solution containing collagenase (CLS-2, Worthington, USA) and type XIV protease (SigmaAldrich, Germany). LA myocytes were plated on glass coverslips or glassbottomed culture dishes and used within 6 -8 h from isolation.
Intracellular Ca 21 measurements
Global [Ca 2+ ] transients (CaTs) were recorded on an epifluorescence setup (IonOptix Limited, Ireland) from LA myocytes loaded with 5 mM Fura-2/AM (Invitrogen). Confocal line scan imaging (LSM510, Carl Zeiss, Germany) was used to evaluate subcellular CaTs in myocytes loaded with 5 mM Fluo-4/AM (Invitrogen). The line was positioned through the cytosol, along the transversal axis of the myocyte. Atrial myocytes were electrically stimulated at 1 Hz.
Patch clamp recordings
Whole-cell voltage clamp recordings of LA myocytes were performed using an EPC-7 amplifier. Recordings were initiated 5 min after establishment of the whole-cell configuration. Solutions and voltage protocols were designed to isolate the current under investigation.
2. 
Western blot
Standard western blot methods were employed to determine expression and phosphorylation of Ca 2+ -regulating proteins in LA tissue. GAPDH or actin were used for normalization.
Quantitative real-time polymerase chain reaction
Total RNA was isolated from LA tissue. Real-time polymerase chain reaction (RT-PCR) was used to detect mRNA abundance of collagen1a, collagen3a, CTGF, and b-actin using specific primers. Quantities of b-actin mRNA were used to normalize cDNA contents. Expression analyses were carried out according to the CT method.
Statistics
Data are expressed as mean + SEM for n atrial myocytes and N rats. Statistical analyses were performed using unpaired, two-tailed Student's t-test and considered significant at P , 0.05. When two groups were compared at two time points (Figure 1 ), we used a two-way ANOVA with Bonferroni post-hoc test for multiple comparisons. Statistical analysis of cell distribution (with vs. without Ca 2+ alternans) was performed using x 2 test and considered significant at P , 0.05.
Results

Animal characterization
Experiments were conducted on male SHR and WKY at 3M and 7M. At these ages, SHR exhibited increased systolic and diastolic blood pressure, increased heart rate, and progressive increases in LV weight (normalized to TL) ( Figure 1A-D) . Lung wet weight (normalized to TL) was unchanged ( Figure 1E ). These results are in agreement with previous reports and confirm that hypertension induced progressive compensatory LV hypertrophy in the SHR used for this study. Interestingly, while LV weight was increased, LA weight was decreased in SHR without any significant changes in LA myocyte area when compared with WKY ( Figure 1F and G). Thus, in contrast to the LV, the LA from SHR did not show any signs of hypertrophy at either 3M or 7M. The fibrosis markers collagen 1a (col 1a, Figure 1H ), collagen 3a (col 3a, Figure 1I ), and connective tissue growth factor (CTGF, Figure 1J) showed increased mRNA expression starting with 3M of age; the increase became larger at 7M of age. Histological analysis revealed increased diffuse fibrosis [from 4.0+0.6% (WKY) to 9.1+0.6% (SHR), N ¼ 4 per group, P , 0.01] in left atrial tissue from 7M SHR (Supplementary material online, Figure S1 ).
Ca
21 handling in LA myocytes at 3 months of age
To characterize LA Ca 2+ handling mechanisms in early hypertension, LA myocytes isolated from 3M old SHR and WKY were field stimulated at 1 Hz and CaTs were evaluated at the global level using epifluorescence with Fura-2 as ratiometric Ca 2+ indicator ( Figure 2A ). As atrial myocytes lack transverse tubules and show pronounced subcellular inhomogeneities during electrically stimulated CaTs, 12, 13 we also characterized CaTs on the subcellular level using confocal line scan imaging with Fluo-4 ( Figure 2B ). There were no differences in diastolic and systolic Ca 2+ ( Figure 2C and D) as well as in resting Ca 2+ (Fura-2, F 340 / F 380 : WKY: 0.522 + 0.08, n ¼ 34; SHR: 0.530 + 0.013, n ¼ 18, P ¼ N.S.) between SHR and WKY LA myocytes. The rise time of the CaT was increased in SHR, whereas the decay of the CaT was unaltered ( Figure 2E and F ). Expression and phosphorylation of the major Ca 2+ -regulating proteins involved in excitation -contraction coupling was probed by immunoblots of LA tissue homogenates. As shown in Figure 2G -I, there were no significant differences between SHR and WKY regarding the expression of a1C, RyR2, SERCA2a, PLB, CSQ, and NCX1. Furthermore, no differences occurred in the phosphorylation of RyR2 and PLB at sites phosphorylated by protein kinase A (PKA) and Ca 2+ /calmodulin-dependent protein kinase II (CaMKII). These data suggest that there are no major alterations in Ca 2+ handling mechanisms in LA of SHR shortly after the development of hypertension. Figure 3H ). At the same time, there was increased phosphorylation of RyR2 at S2808 ( Figure 3H ). No differences were detected in the expression or phosphorylation of proteins involved in Ca 2+ reuptake and extrusion during CaT decay (SERCA2a, PLB, NCX1) ( Figure 3I ). These results suggested that, although there were no major differences in CaTs on the global cellular level between SHR and WKY LA myocytes at 7M, subtle subcellular differences do exist. Therefore, we current was measured directly using whole-cell patch clamp recordings ( Figure 5A ). L-type Ca 2+ current density was significantly reduced by ≈20% in LA myocytes from SHR ( Figure 5B) . In a second approach, we estimated sarcolemmal Ca 2+ influx during electrical stimulation of LA myocytes using the subsarcolemmal CaT as readout ( Figure 5C and D) .
Subcellular alterations in Ca
In these experiments, SR function was blocked by two brief preapplications of caffeine in the continuous presence of thapsigargin to deplete the SR and to prevent reuptake of Ca 2+ . The amplitude of the subsarcolemmal CaT elicited at 1 Hz stimulation was significantly reduced in SHR, suggesting reduced sarcolemmal Ca 2+ influx via LTCC and, potentially, reverse mode NCX (see below).
3.6 Impaired NCX function at unaltered intracellular Na 1 concentration in LA myocytes from SHR at 7M of age
In the same cells, we also estimated the activity of NCX for sarcolemmal Ca 2+ extrusion. Since SERCA activity and SR function were blocked, NCX was the major remaining protein for Ca 2+ extrusion from the Atrial Ca 2+ remodelling in hypertension cells. Therefore, the fluorescence decay upon stopping stimulation was taken as a measure for the activity of NCX ( Figure 6A and B). Fluorescence decay was fit by a mono-exponential function. The time constant t for decay was significantly larger in LA myocytes from SHR when compared with WKY ( Figure 6B ). These results suggested slower sarcolemmal Ca 2+ removal via NCX in SHR.
We also measured NCX activity directly as NCX-mediated current in voltage-clamped atrial myocytes ( Figure 6C and D) . Hyperpolarizing voltage ramps from +90 to 2100 mV were applied to characterize the NCX-mediated current (I NCX ). The I -V relationships of I NCX from a WKY and SHR atrial myocyte are illustrated in Figure 6C . In Figure 6D , average I NCX density at +90 and 2100 mV is compared between WKY and SHR. SHR atrial myocytes exhibited significantly reduced inward and outward currents. Thus, in line with functional measurements ( Figures 4D and F and 6A and B) , we found reduced NCX current in SHR atrial myocytes confirming impairment of NCX function in SHR.
An important determinant of NCX function is [Na + ] i . Therefore, we measured [Na + ] i directly in intact LA myocytes using SBFI ( Figure 6E-G) . The experimental protocol is shown in Figure 6E for a WKY atrial myocyte. First, the cell was stimulated at 1 Hz. Afterwards, stimulation was switched off and in situ calibration began using solutions with [Na + ] of 0, 10 and 20 mM, as described previously. 11 The increase in the SBFI ratio was directly proportional to [Na + ] i ( Figure 6F ). In the example shown, [Na + ] i at 1 Hz stimulation amounted to 10 mM (dashed horizontal line in Figure 6E ). Using this protocol with in situ calibration performed in each cell, we found that [Na + ] i in LA myocytes from 7M WKY and SHR amounted to ≈8.5 -10.9 mM and did not differ between strains ( Figure 6G) Figure 7A and B. Following steady-state electrical stimulation at 1 Hz, stimulation was stopped for 2 min and spontaneously occurring Ca 2+ increases within this 2 min rest period were Figure 7D and E. In both cases, increasing stimulation frequency caused increases in diastolic and systolic Ca 2+ . In WKY, CaTs exhibited steady amplitudes at all frequencies studied. In SHR, however, Ca 2+ alternans occurred at 2 and 4 Hz stimulation. Both WKY and SHR LA myocytes exhibited an increase in the incidence of Ca 2+ alternans with increasing stimulation frequency ( Figure 7F ). SHR LA myocytes, however, always showed higher incidence. The difference was statistically significant at 2 Hz (SHR 44.4% vs. WKY 9.3%, P , 0.01) and 4 Hz stimulation (SHR 72.2% vs. WKY 41.8%, P , 0.01). Thus, SHR LA myocytes displayed an increased propensity for frequency-dependent Ca 2+ alternans.
Discussion
Hypertension is a main risk factor for AF. 1 Mechanistic links between hypertension and AF, however, are still elusive. Here we identify, using SHR as a model for arterial hypertension, early subcellular alterations in Ca 2+ handling of LA myocytes that are associated with an increased propensity for arrhythmogenic Ca 2+ alternans. As atrial alternans is known to cause atrial tachyarrhythmias, including AF, 17, 18 this suggests that atrial Ca 2+ alternans may be a trigger for atrial tachyarrhythmias in hypertension.
Alterations of sarcolemmal and SR Ca 21
handling in LA myocytes from SHR SHR are a well-established model for essential hypertension. They also develop spontaneous atrial tachyarrhythmias 6 and exhibit increased propensity for inducible AF. 3, 7 We hypothesized that abnormal atrial Ca 2+ handling might contribute to the development of atrial tachyarrhythmias in SHR and studied atrial Ca 2+ handling mechanisms in LA myocytes and tissue from SHR early after the development of hypertension. At 3M, shortly after the development of hypertension, no major alterations in Ca 2+ handling mechanisms were observed (Figure 2 ). At 7M, however, when LV hypertrophy had progressed but still early in the course of the disease, subcellular alterations in LA Ca 2+ handling were found. Global CaTs in LA myocytes from SHR were still largely unaltered compared with WKY ( Figure 3A-F) , but both sarcolemmal and SR Ca 2+ handling mechanisms exhibited clear changes.
At the sarcolemma, expression of a1C was reduced resulting in decreased Ca 2+ influx through LTCC. Reduced atrial L-type current has been reported previously in 3-and 11-month-old SHR. 3 In addition, despite unaltered expression, NCX activity was reduced. Evidence for impaired NCX function was derived from both functional experiments, in which NCX-mediated Ca 2+ removal from the cells was studied ( Figures 4D and F and 6A and B) , as well as from direct measurements of NCX current in voltage-clamped cells at defined intra-and extracellular concentrations of both Ca 2+ and Na + ( Figure 6C and D) . The latter results also revealed that both inward and outward NCX current was reduced to a similar extent, implying that both Ca 2+ removal and potential Ca 2+ influx via NCX is reduced in SHR LA myocytes.
[Na + ] i , an important determinant of NCX function, was measured using an in situ calibration approach. There was no significant difference in [Na + ] i between WKY (10.9 mM) and SHR (8.5 mM) LA myocytes ( Figure 6G ). mechanisms were unaltered as suggested by unaltered expression and phosphorylation of SERCA2a and PLB. Consistent with this notion, CaT decay, which is mainly governed by SERCA2a activity, was also unaltered. Interestingly, SR Ca 2+ load was elevated ( Figure 4 ). Figure 1D ). There are no signs of lung oedema ( Figure 1E ) indicating the absence of LV failure. LA weight is decreased when compared with WKY ( Figure 1F ) and LA myocyte size is unaltered ( Figure 1G ), indicating the absence of LA hypertrophy, in line with a previous study. 3 It remains unclear why LA weight is decreased as LA myocyte size is unaltered and as some pro-and antiapoptotic factors do not show any major changes at the mRNA level (e.g. caspase-3, Bax, Bcl-2; unpublished observations). Thus, we do not have any indications for altered pro-or anti-apoptotic signalling at this age. Increased fibrosis is present already though ( Figure 1H -J, Supplementary material online, Figure S1 ), suggesting first structural remodelling of the left atrium. In fact, atrial fibrosis is the first type of atrial remodelling identified in this model of hypertension. It occurs as early as 3 months of age. 3 Thus, early during the course of hypertension, there is already clear remodelling of the atria: structural remodelling (atrial fibrosis) followed by Ca 2+ remodelling. Figure 7D-F waves. 16 Furthermore, Ca 2+ alternans underlies electrical (action potential duration) alternans, which has been shown to cause AF. 17, 18 Moreover, there is increased atrial fibrosis in SHR 3 ( Figure 1H -J, Supplementary material online, Figure S1 ), representing a substrate for and facilitating perpetuation of AF. Thus, we propose that, in SHR, LA Ca 2+ alternans may serve as a trigger for atrial tachyarrhythmias, which, in combination with the substrate (atrial fibrosis), can lead to prolonged episodes of AF, as observed in previous studies. 26 or decreased 27 atrial CaTs in failing hearts.
In the former case, there was increased SR Ca 2+ load and downregulation of some SR Ca 2+ handling proteins. 26 In the latter case, many similarities to the situation in SHR were observed including reduced L-type Ca 2+ current (noted also in a rat model with myocardial infarction-induced HF 28 ), reduced NCX activity and reduced fractional SR Ca 2+ release at increased SR Ca 2+ load. 27 Notable differences include the lack of alterations in RyR2 expression and phosphorylation and the increase in CaMKII-mediated PLB phosphorylation. 27 Hypertension-induced atrial Ca 2+ remodelling, therefore, represents a remodelling of its own kind.
Conclusions
We present evidence for early remodelling of Ca 2+ handling in LA myocytes from hypertensive rats, which consists of reduced L-type Ca 2+ current (with reduced expression of the a1C subunit), reduced activity of NCX (at unaltered [Na + ] i ), and altered SR Ca 2+ handling. Ca 2+ remodelling is associated with an increased propensity for Ca 2+ alternans, which may serve as a trigger for atrial tachyarrhythmias, thus providing a potential mechanistic link between hypertension and AF.
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